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INTRODUCTION 


The term endophyte (Greek: endo = within + phyte = plant) has been 
defined as an organism contained or growing (entirely) within the substrate 
plant, whether parasitically or not (100, 106). Using this term in its broadest 
sense, the subject of this chapter could include all fungi that spend all or 
nearly all of their life cycles in the host grasses. We do not discuss such 
endophytic fungi as the smuts and vesicular-arbuscular mycorrhizas that 
infect grass. Instead, our interests lie primarily with a specific group of 
clavicipitaceous fungi that belong or are related to fungi in the tribe Balansiae 
(5, 24). These fungi either are true endophytes that never produce extemal 
fructifications on the plant or else may produce external mycelium and/or 
spores that affect flower and seed production. We focus specifically on those 
grass—endophyte complexes that may also cause maladies of grazing animals. 

Using the above criteria, two recent events involving grass—-endophyte 
associations have important implications for the livestock industry. In 1977 
Bacon et al (9) reported the close association of an endophyte (Sphacelia 
typhina) in infected tall fescue (Festuca arundinacea) and the incidence of 
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fescue toxicosis (summer syndrome) in cattle. A similar association between a 
then unidentified endophyte in perennial ryegrass (Lolium perenne) and the 
incidence of ryegrass staggers in sheep in New Zealand was reported in 1981 
by Fletcher & Harvey (27). 

Since the initial work of Bacon et al (9) in 1977, researchers have come to 
further understand the relationship between fungal endophytes of grasses and 
animal toxicoses. This understanding includes the origin and incidence of 
infected grasses, modes of dissemination of the fungi, identification of the 
chemicals responsible for toxicoses, and control of the fungi. Specifically, 
what has been learned is that endophyte-infected tall fescue and perennial 
ryegrass are widely distributed in the United States and New Zealand, respec- 
tively; endophytic fungi are only seed disseminated; specific chemicals are 
responsible for fescue toxicosis and ryegrass staggers; infected pasture grasses 
cost the livestock producer hundreds of millions of US dollars annually in lost 
production; the fungi cannot be controlled in the field, but endophyte-free 
cultivars do result in greatly improved livestock production in the United 
States; and lastly, the relationship between grass and symbiont is primarily 
mutualistic, resulting in many benefits to host and fungus (5, 10, 97). With 
regard to this final point, it is now recognized that these grass endophytes can 
play an important role in survival of the host plants subjected to environmen- 
tal stresses (insects, grazing animals, drought, and heat). The potential for 
improved insect resistance of endophyte-infected grasses has already been 
exploited by the selection of naturally infected cultivars of Festuca and 
Lolium species (29, 30). 

This chapter, therefore, reviews the harmful and beneficial effects of 
endophytic fungi on forage and turf grasses and on grazing animals. It 
includes a historical perspective on the fungi (incidence, dissemination, and 
control), the relationship between infected grasses and animal toxicoses, the 
nature of the grass—fungus interaction, and the value of infected and nonin- 
fected cultivars in pasture and turf. 


HISTORICAL PERSPECTIVES 


The presence of endophyte mycelium in the seed of a grass (Lolium 
temulentum) was first recorded by Vogl in 1898 (105), but the earliest known 
specimen of this host and fungus dates back 4,400 years to seeds found in the 
tomb of a Fifth Dynasty Egyptian Pharoah (64). Vogl’s (105) discovery 
aroused interest because seeds of L. temulentum were known to be toxic to 
animals, and there was speculation that the fungus was responsible. Other 
species of Lolium were also found to contain mycelium in a high proportion of 
their seeds; thus, the endophytic nature of the fungus in plants was established 
(28, 76). 
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Classification 


Endophytes of grasses and sedges are grouped in the wibe Balansiae of the 
Clavicipitaceae. Within this tribe are the genera Balansiopsis, Atkinsonella, 
Myriogenospora, Balansia, and Epichloe (24, 66). The taxonomy of en- 
dophytes, for which no teleomorphic state has been found, is still being 
debated. Morgan-Jones & Gams (70) created the section Albo-lanosa in the 
genus Acremonium to accommodate the endophyte commonly found in tall 
fescue. They named this fungus A. coenophialum, and subsequently, en- 
dophytes in other species of Festuca and Lolium have been placed in this 
section (59, 116, 117). These endophytes may be related to the clavicipita- 
ceous teleomorph Epichloe (59, 70), but they have temporarily or per- 
manently lost the ability to form sexual spores. Rykard et al (91) argue that it 
would be preferable to leave these newly named Acremonium species in the 
genus Sphacelia, the conidial state of Epichloe typhina. This question will 
only be resolved when the teleomorphic states of the fungi are found. 

Latch et al (59) have described two seed-borne endophytes in perennial 
ryegrass and tall fescue with Gliocladium-like and Phialophora-like conidia, 
respectively. The relationship of these endophytes to those in the Balansiae is 
unclear. 

All these Balansiae, except for Myriogenospora, produce systemic in- 
fections in leaves, culms, and inflorescences, but most become conspicuous 
only when sporulation occurs as the plant flowers. Many endophytes prevent 
their host from flowering, whereas others do not interfere with the plant’s 
reproduction, and indeed, their mycelium may be present in the seed. In- 
tercellular hyphae have been found in the ovary wall and throughout the 
nucellar tissue of F. versura, tall fescue, and perennial ryegrass ovules (18, 
65, 78). However, in some perennial ryegrass megagametophytes, hyphae of 
Acremonium lolii (59, 61) become intracellular when they breach the embryo 
sac and enter the antipodal cells (78). As the embryo enlarges and differenti- 
ates, the hyphae pass into the shoot apical region. Thus, some endophytes are 
very efficiently dispersed with their host seed and apparently have no need for 
spores as a means of dissemination. Indeed, it is believed that the only means 
of dissemination of Acremonium endophytes is through maternal transmission 
in infected seed (4, 54, 96). 


Incidence 


Species of Balansia, Balansiopsis, Atkinsonella, and Myriogenospora infect a 
wide range of grasses commonly found in the wopics that have a C,-type 
photosynthetic pathway. Most of these grasses are regarded as weeds or as 
having minor agricultural importance (24, 66). Epichloe typhina is found on 
important genera of forage and turf grasses such as Agrostis, Dactylis, 
Festuca, Holcus, Hordeum, Lolium, and several other genera of minor agri- 
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cultural importance. The striking choke symptom of mycelium around the 
inflorescence is present on most infected plants (24, 92). 

Endophytes that have Acremonium, Sphacelia, Gliocladium-like, or 
Phialophora-like anamorphic states and that produce no external fructifica- 
tions on grasses were originally found only in species of Festuca and Lolium 
(9, 59, 70). Recent searches have extended the host range to include species 
of Bromus, Poa, and Stipa (111, 115, 117). Undoubtedly, further searches 
will extend this host range. 

The incidence of endophytes in tall fescue, perennial ryegrass, and Italian 
ryegrass (Lolium multiflorum) has been studied because these grasses are of 
prime importance in many countries. Tall fescue is grown on 12-14 million 
hectares in the United States, and the two ryegrasses are the main pasture 
grasses sown in Europe and New Zealand. Endophytes have been found in 
seeds of these three grasses collected from areas of Europe where the species 
are indigenous and may possibly have originated (61, 96). The seed-borne 
nature of endophytes has resulted in their being spread, along with their hosts, 
throughout the world. Over 90% of tall fescue pastures in the United States 
contain plants infected with Acremonium coenophialum (97, 108). A survey 
by the Auburn University fescue diagnostic laboratory of samples from 
twenty-six states showed that 94% of pastures contained endophyte, and the 
plants in these pastures had a mean infection of 58% (95). The dominant 
cultivar of tall fescue in the United States is Kentucky-31, and most plants are 
infected with endophyte (96); however, new cultivars with a low incidence of 
endophyte have now been developed (97). 

Seed samples from 53 of 64 old pastures of perennial ryegrass from eight 
European countries were found to be infected with the endophyte A. lolii (61). 
Recently sown pastures probably have a much lower incidence of endophyte 
because a survey of sixteen current European cultivars showed that only four 
contained endophyte, the average incidence being 15% in these cultivars (61). 
In New Zealand, the majority of plants in seven million hectares of perennial 
ryegrass are infected with A. Jolii, and the two most commonly sown cultivars 
have 65-95% of the plants infected (54, 94, 97). There is little information on 
the incidence of an Acremonium-like endophyte in Italian ryegrass pastures. 
In Europe it appears to be low, especially among recent cultivars, but in New 
Zealand over 50% of plants of new Italian ryegrass cultivars may be infected 
with this endophyte (57, 61). 


Methods of Detection 


Grasses infected with endophytes that have as their anamorphic state Acremo- 
nium, Gliocladium-like, or Phialophora-like conidia are symptomless. The 
mycelium is intercellular within the host plants, but several techniques are 
available for detection and identification of these endophytes. 
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STAINING OF MYCELIUM _ Grasses infected with endophytes have hyphae in 
the leaf sheaths. If the adaxial epidermis is removed and stained, the septate, 
intercellular mycelium can be seen with the aid of a light microscope (16, 55). 
Hyphae of Acremonium spp. and E. typhina run parallel to the leaf-sheath axis 
and are seldom branched, whereas hyphae of the Gliocladium-like and 
Phialophora-like endophytes are branched profusely and present in greater 
quantities than those of the Acremonium spp. (59). Most of the endophytes 
can be found in all above-ground parts of the plant, and hyphae of the 
Gliocladium- and Phialophora-like spp. are also present in roots (59). Some 
endophytes prevent seed formation, but with others, viable seeds are pro- 
duced that contain a dense mat of mycelium in the region of the aleurone layer 
(28, 69). This mycelium can be detected by softening seeds with sodium 
hydroxide or nitric acid, followed by degluming, squashing, and staining for 
microscopic examination (16). Unfortunately, the technique does not indicate 
whether mycelium is viable. In order to demonstrate endophyte viability, 
seeds must be germinated and the 3—4-week-old seedlings examined for 
mycelium (59, 108). A staining technique that distinguishes between living 
and dead mycelium in seeds would be of great value. 


SEROLOGY Antisera have been prepared to cultures of A. coenophialum 
(48) and A. lolii (72) and used in an enzyme-linked immunosorbent assay 
(ELISA) to detect antigens of the fungi in tall fescue and perennial ryegrass. 
ELISA based on antibodies produced against mycelia of these two fungi does 
not differentiate serologically between A. coenophialum, A. lolii, Acremo- 
nium-like spp. in Italian ryegrass, and E. typhina (49, 74; D. R. Musgrave, 
personal communication). Musgrave et al (74) suggest that the major soluble 
antigen is a polysaccharide moiety of a protein lipopolysaccharide complex. 
They speculate that purified soluble antigens could be used to produce 
specific antisera for each of the endophytes. The ELISA technique is particu- 
larly useful for determining the location and quantity of mycelium in infected 
plants and for detecting endophyte mycelium in seeds (44, 72). However, 
difficulties experienced in using the technique have led to a decrease in its use 
for endophyte detection, and most endophyte diagnostic laboratories now use 
the staining technique (95, 108, 109). ELISA does not differentiate between 
viable and nonviable mycelium, so seed must be germinated and the young 
plants tested by ELISA or stained to verify the viability of mycelium in seed. 


CULTURE Fungal endophytes of grasses can be cultured on artificial media, 
and most have been induced to sporulate. In some plant tissues, and especially 
in seeds, it is difficult to identify endophytes in situ, and so it is necessary to 
culture the fungi. Many endophytes grow very slowly in culture and are easily 
overrun by contaminating fungi and bacteria. Hence, culturing endophytes 


Annu. Rev. Phytopathol. 1987.25:293-315. Downloaded from www.annualreviews.org 
by ILLINOIS STATE UNIVERSITY on 10/24/12. For personal use only. 


298 SIEGEL, LATCH & JOHNSON 


from infected plant tissues is not used as a routine method of endophyte 
detection, but rather as an adjunct for endophyte identification. It is relatively 
easy to isolate and culture endophytes from leaf sheaths, nodes, and stem pith 
(9, 16, 55, 116), but isolating endophytes from seeds is more difficult, 
especially from seeds heavily contaminated with saprophytic fungi. The 
method most commonly used is to surface-sterilize seeds in sulfuric acid (59, 
108), but even this drastic treatment does not remove all fungi from heavily 
contaminated seeds. There is evidence (108) that this treatment kills the 
endophyte in some seeds. Thus, a more satisfactory surface-sterilization 
procedure is required. 


INSECT BIOASSAY When given the choice of endophyte-infected and en- 
dophyte-free grass, some species of insects will feed only on the endophyte- 
free grass (31, 47, 58, 86). A relatively clear-cut preference for endophyte- 
free tall fescue and perennial ryegrass was shown by several species of aphids 
(47, 58). This finding led Latch et al (58) to advocate the use of Rhopalo- 
siphum padi as a bioassay to detect tall fescue plants infected with A. 
coenophialum for large-scale, rapid screening of this endophyte in seedlings 
and mature plants. 


Methods of Control 


As previously mentioned, it is thought that endophytes of ryegrass and tall 
fescue are transmitted only through seed and that infection of endophyte-free 
grasses does not occur in nature (96, 119). Hence, if endophyte mycelium in 
seeds can be killed without harming the seed, or if mature infected plants can 
be freed from endophyte infection, then these plants will remain free of 
endophyte and will set endophyte-free seed. Several methods of killing 
endophytes in seeds and plants have been devised. 


STORAGE OF SEED Viability of A. Jolii and A. coenophialum mycelium in 
seed declines during storage (55, 75, 98). Neill (75) found that endophyte in 
perennial ryegrass seed was dead after two-years storage at ambient tempera- 
ture, but it was shown subsequently that endophytes in perennial ryegrass 
seed remained viable for at least fifteen years if stored at low temperature 
(0-5°C) and low humidity (25-50%) (54). Recent studies have quantified the 
effect of environmental conditions and demonstrated thatgow temperature and 
low seed-moisture content will preserve endophyte viability (88, 108). If it is 
necessary to kill the endophyte but not greatly harm seed viability, the seed 
should be stored at high temperatures (30°C) and at a seed-moisture content of 
8-10%. 


HEAT Soaking seeds of perennial ryegrass and tall fescue in hot water for 
short periods of time killed the endophytes within them, but seed germination 


Annu. Rev. Phytopathol. 1987.25:293-315. Downloaded from www.annualreviews.org 
by ILLINOIS STATE UNIVERSITY on 10/24/12. For personal use only. 


FUNGAL ENDOPHYTES OF GRASSES 299 


was reduced by up to 50% (55, 98, 118). A complete kill of endophyte with 
only a minor reduction in seed viability was obtained when tall fescue seed 
was kept in hot moist air (49°C) for seven days (98). 


CHEMICAL Endophyte mycelium in seeds of perennial ryegrass and tall 
fescue has been killed by applying fungicides that inhibit ergosterol biosyn- 
thesis, such as propiconazole, prochloraz, and triadimefon, to seeds (55, 98, 
119). High application rates of fungicides are required for complete control of 
endophytes, and some stunting and death of seedlings are inevitable. Higher 
rates of fungicide application are required to kill mycelium of A. coenophi- 
alum in seed of tall fescue than those needed for A. /olii in perennial ryegrass. 
These fungicides have been less effective in controlling endophytes growing 
in plants. Repeated foliar applications of triadimefon to plants grown in a 
greenhouse reduced the amount of A. coenophialum mycelium in tall fescue, 
but did not eradicate the fungus (98, 119). Granules of propiconazole applied 
to the soil in pastures of tall fescue suppressed the endophyte for many 
months, but did not eradicate it (119). Complete eradication of endophyte in 
perennial ryegrass and tall fescue has been accomplished by growing plants in 
sand and drenching benomy! around the roots (55; G. C. M. Latch, un- 
published data), and in tall fescue by using bitertanol or propiconazole 
granules and foliar sprays (98, 119). With the fungicides available at present, 
it is clear that eradication of endophytes from infected pastures is not econom- 
ically feasible. There is, however, a great need for a fungicide that could 
inexpensively accomplish that purpose. 

Plants and seeds from which endophytes have been eliminated by any of the 
three methods just described will produce endophyte-free seed that can then 
be used as mother stock to build up endophyte-free lines. Thus, the simplest 
and most effective way of controlling animal disorders that result from 
grazing endophyte-infected grass is to establish pastures from endophyte-free 
seed. In the United States several new cultivars of tall fescue have recently 
been released and certified to have fewer than 5% of seeds infected with A. 
coenophialum (10, 44, 109). 


ANIMAL TOXICITIES 


As indicated in the introduction, renewed interest in endophyte-infected 
grasses began with a few key investigations into causes of animal maladies, 
specifically fescue toxicosis and ryegrass staggers (9, 27). Losses due to these 
disorders, in terms of animal production, have been estimated to be in the 
hundreds of millions of US dollars annually (82; J. A. Boling, personal 
communication). However, these estimates do not include losses in reproduc- 
tion of cattle that may also be associated with these livestock disorders (36). 
Reproductive capacity of both female and male mammals appears to be 
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decreased on diets high in endophyte-infected forage or seed (77, 104, 
121-123). 


Fescue Toxicosis 


The poor cattle performance associated with A. coenophialum-infected tall 
fescue is characterized by reduced weight gain, decreased milk production, 
lower feed intake, rough haircoat, excessive salivation, increased respiration 
rate, and high rectal temperatures (40). These symptoms most often occur in, 
but are not limited to, the summer months. An additional malady of cattle 
associated with endophyte-infected tall fescue in some localities is character- 
ized by lameness, ischemic necrosis, dry gangrene of the extremities, and, in 
severe cases, loss of hooves (35, 40). This latter malady is known as fescue 
foot and occurs most frequently during the winter, with the onset of clinical 
symptoms often linked to a sudden drop in ambient temperature. 

Several alkaloids have been suggested to contribute to fescue toxicosis. The 
loline alkaloids, N-acetyl and N-formyl, have been shown to reach con- 
centrations as high as 0.8% per unit dry weight in stems, leaves, and seeds of 
endophyte-infected tall fescue and have not been detected in endophyte-free 
tall fescue plants (15, 50). It has not been established if the loline alkaloids 
play a role in fescue toxicosis. However, these alkaloids do appear to serve as 
insect-feeding deterrents (45, 47). 

The ergot alkaloids, clavine and ergopeptide types, are produced in vitro by 
A. coenophialum (5, 67, 80) and have been found in low concentrations 
(relative to the loline alkaloids) in leaf blades and sheaths of endophyte- 
infected tall fescue collected from pastures (67, 120). Attention has been 
primarily focused on ergovaline, an ergopeptide alkaloid that constitutes 
10-50% of the total ergot alkaloid concentration in the forage (5, 67). Many 
of the symptoms of fescue toxicosis are consistent with signs of ergot poison- 
ing (5, 68, 120). 


Ryegrass Staggers 


Perennial ryegrass staggers is a neurological disorder of animals that most 
commonly affects sheep, but also occurs in cattle, horses, and deer (71). 
Animals with this disorder appear normal until disturbed, at which time they 
suffer severe muscular spasms, usually resulting in collapse followed by an 
apparently quick recovery (71, 97). In severe outbreaks, deaths from falls or 
drowning are common (71). Ryegrass staggers occurs during the summer and 
autumn and is commonly associated with warm ambient temperatures and 
with grazing of short-grass swards (71). In addition to the staggcrs condition, 
animals grazing A. lolii-infected perennial ryegrass show reduced weight 
gains, which are probably attributable to reduced intake of herbage (26). 
The prime suspect causative agents of ryegrass staggers are the lolitrem 
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neurotoxins (32-34). The major lolitrem neurotoxin, lolitrem B, is a lipophil- 
ic complex substituted—indole compound with a molecular weight of 685 and 
formula C42Hs5s5NO7 (84). The lolitrems have not yet been reported to be 
produced by A. Jolii in culture, but related tremorgenic toxins, penitrems, 
janthitrems, and aflatrem, are of fungal origin (34). 


Toxicities Attributed to Balansia-Infected Weed Grasses 


Many warm-season perennial weed grasses infected with species of Balansia 
may possibly be involved with some outbreaks of animal toxicosis (5, 6). 
Weed grasses parasitized by Balansia species include smutgrass (Sporobolus 
poiretii), broomsedge (Andropogon virginicus), lovegrass (Eragrostis hirsu- 
ta), and panicum (Panicum anceps) (5, 6). Bacon et al (5) reported that in the 
summer months a large percentage of a pasture may consist of a weed grass 
and that the majority of the weed grass may be infected by Balansia spp. 
Several species of Balansia have been shown to produce ergot alkaloids in 
vitro as well as in vivo (3, 5-8). Furthermore, cultures of Balansia epichloe 
isolated from infected smutgrass depressed serum prolactin concentrations in 
lactating Holstein cows following oral dosing for three consecutive days 
(107). Prolactin is a pituitary hormone that is necessary for the secretion of 
milk and that probably also plays a role in affecting the reproductive capacity 
of both female and male mammals (107). Depressed serum prolactin levels 
also occur in animals that have consumed A. coenophialum-infected tall 
fescue forage (12, 40, 42) as well as in sheep that have grazed A. lolii- 
infected perennial ryegrass (26). 


GRASS—FUNGUS INTERACTIONS 
Parasitic and Mutualistic Symbiosis 


The endophytic fungi infecting grasses are biotrophic; that is, they obtain all 
their basic nutritional needs from living tissue. Furthermore, Lewis (62) 
considers fungi such as E. typhina and those responsible for “symptomless 
parasitism” as belonging to a group of ecologically obligately symbiotic 
biotrophs (obligate biotrophs). Lewis defined this group of fungi as “parasitic 
and mutualistic symbionts with no capacity for free living existence other than 
as gametes, cysts or as laboratory cultures.” The terminology and classifica- 
tion are based on de Bary’s (22) original concept of symbiosis: “Those which 
. .. feed on living organisms, whether plants or animals, are termed parasites. 
Their relationship with their hosts is that of a common life, a symbiosis.” de 
Bary recognized that gradation of symbiosis existed and that parasites could 
either quickly destroy their host or that parasite and host could mutually and 
permanently live together and support one another. 

According to Lewis’s scheme, E. typhina and Balansia spp. would be 
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considered biotrophic and parasitic endophytes, whereas the Acremonium 
endophytes would be biotrophic and mutualistic symbionts. This scheme of 
classification of E. typhina is not absolute because isolates in some host 
grasses show gradations of symbiosis. Some isolates act as parasitic sym- 
bionts (24, 110), whereas others behave, e.g. the symptomless Acremonium 
endophytes, as mutualistic symbionts (29, 92). Whether a specific symbiotic 
association is parasitic or mutualistic can only be determined by comparing 
the fitness of the host and fungus when living independently with their fitness 
when living in association (63). 

The major features of mutualistic symbioses are a lack of destruction of 
host cells or tissue; nutrient or chemical cycling between host and fungus; 
enhanced longevity and photosynthetic capacity of cells and tissue under the 
influence of infection; enhanced survival of the fungus; and a tendency toward 
greater host specificity than seen in necrotrophic infections (62). Researchers 
(5, 10, 82, 96, 97) have used this concept of mutualism to suggest that the 
Acremonium endophytes infecting perennial ryegrass and tall fescue enter into 
a relationship with their respective grasses that benefits both host and fungus. 
These benefits include enhanced dissemination and survival of the fungus, 
improved growth for the host plant, and tolerance to herbivore feeding 
(grazing animals and insects). 


Benefits to the Fungus 


Detection of endophytes by electron microscopy (25, 41), staining (9, 23, 
108), and ELISA (72, 96) clearly indicates that intercellular fungal growth of 
Acremonium spp. and isolates of E. typhina is distributed unequally in the 
plant, with highest concentrations found in the leaf sheaths, seeds, and 
crowns. These regions can act as “sinks” for the accumulation of soluble 
nitrogenous and carbohydrate substrates (5). These substrates would have to 
leak out of the plant cells into the intercellular spaces and fluids for uptake by 
the endophytes. Whether the fungi induce leakage or possess translocational 
mechanisms for movement of plant products is unknown. However, recipro- 
cal translocation of carbohydrates between host and pathogen has been re- 
ported in Bahia grass infected with Myriogenospora atramentosa (99). The 
nutritional requirements of the fungi in the plant are unknown. 

In vitro rates of growth, pH and temperature optima, utilization of carbon 
and nitrogen sources, and synthesis of specific fungal products are known for 
some endophytes (3, 9, 20, 53, 59, 114). This information cannot be ex- 
trapolated to the in vivo situation, but can be used to compare nutritional, 
physiological, biochemical, and genetic potential of isolates (10). Clearly, the 
endophytes benefit from the association with their hosts by nutrition, long- 
term protection, improved dissemination (via seed), and survival. 
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Benefits to the Host 


GROWTH Perhaps of all the potential benefits to infected grasses, changes in 
plant physiology and patterns of growth are the most complex and difficult to 
assess. In studies in Kentucky over a four-year period, Siegel et al (96) did not 
find differences in forage (dry matter), seed yield, and stand persistence of 
Kenhy tall fescue in plots that ranged from 7-75% of plants infected with A. 
coenophialum. On the other hand, there are reports suggesting that en- 
dophyte-free cultivars do not survive as well as infected ones. In Texas, 
infected tall fescue that had been grazed produced more forage than plants in 
noninfected grazed pastures (87). In addition, during the third year of the trial 
many plants died in two of the three noninfected replicated plots. Funk et al 
(29) reported that over a seven-year period in New Jersey, endophyte-infected 
tall fescue turf plants outperformed noninfected turf plants from the stand- 
point of resistance to crabgrass invasion and recovery from summer drought 
stress. 

The differences in the three reports are difficult to reconcile, but as will be 
shown, infected perennial ryegrass and tall fescue exhibit striking resistance 
to herbivores (insects and grazing animals). A combination of environmental 
stresses (heat and drought), herbivore feeding, and competition with other 
grass and weed species could account for the differences reported in growth 
and survival between infected and noninfected grasses. Biotic and abiotic 
stresses have been reported to be the reason for the inability of endophyte-free 
perennial ryegrass cultivars to survive in New Zealand (11, 82). 

There are no differences in forage quality (crude protein, neutral detergent 
fiber, acid detergent fiber, and digestibility) between endophyte-infected and 
noninfected tall fescue (14). When infected tall fescue was grown under 
controlled conditions, the plants had greater rates of photosynthesis and a 
greater increase in fresh weight; they produced more tillers during regrowth; 
and they had a lower percentage leaf roll (during a drying cycle) than did 
endophyte-free tall fescue. Infected plants also used water more efficiently 
than did noninfected plants (L. P. Bush, personal communication). These 
differences would support the hypothesis that infected tall fescue plants have 
advantages over noninfected plants when grown during periods of environ- 
mental stress. 

The clearest example of enhanced growth has been reported for A. lolii- 
infected perennial ryegrass grown under controlled conditions in New Zea- 
land (60). Infected plants (when compared to noninfected) had significant 
increases in total leaf area, tiller numbers, and growth of leaves, but the 
shoot-root ratio was unaffected. 

The chemical basis for the changes in physiology and growth pattems of 
Acremonium-infected plants is unknown. It is possible that members of the 
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Table 1 Species of insects reported to be affected by endophyte-infected 
Festuca and Lolium species of grasses* 


Insect 


Grass Fungus Reference 

Crambus spp. PRG? All. 31 
(Sod webworm) 

Listronotus bonariensis PRG, TF° A.L., A.c. 86, 101 
(Argentine Stem Weevil) 

Sphenophorus parvulus PRG? A.l. 2 
(Bluegrass billbug) 

Spodoptera frugiperda PRG, TF A.l., A.c. 38, 39 
(Fall armyworm) 

Acheta domesticus PRG, TF A.L., A.c. 1 
(House cricket) 

Rhopalosiphum padi TF A.c. 47, 58 
(Oat-birdcherry aphid) 

Schizaphis graminum PRG, TF, A.l., A.c., 47 
(Greenbug aphid) HF*, CF* E.t., E.t. 

Oncopeltus fasciatus TF A.c. 47 
(Milkweed bug) 

Blissus leucopterus hirtus CF Et. 29 
(Chinch bug) 

Heteronychus arator PRG? A.l. 82 
(Black beetle) 

_ Draculacephala antica TF? A.c. $2 

(Sharpshooter leafhopper) 

Chaetocnema pulicaria TF A.c. $2 


(Corn flea beetle) 


* Abbreviations: TF, tall fescue (F. arundinacea); PRG, perennial rycgrass (L. perenne); 
CF, Chewings fescue (F. rubra subsp. cornmutata); HF, hard fescue (F. longifolia); A.c., 
A. coenophialum; A.1., A. lolit; E.t., E. typhina. 

© Based on field observations. 

°M. Siegel, unpublished data. 


Clavicipitaceae produce, or induce the plant to produce, auxinlike plant- 
growth regulators and/or plant growth inhibitors, or they may alter hormone 
metabolism. These are distinct possibilities when one considers that symp- 
toms of infection by E. typhina, and other members of the Balansiae, include 
not only the inhibition of flowers and seed, but also enhanced plant growth 
and tillering, dwarfism, or deformation of the flag leaf (5, 17, 24, 37, 60, 
110). Auxinlike indole compounds have been isolated in vitro from cultures 
of Balansia epichloe (79). The production of these compounds may reflect an 
alteration of nitrogen metabolism and assimilation in the infected plant (5). 


TOLERANCE TO INSECT HERBIVORES Perhaps the most striking difference 
between Acremonium-infected and noninfected Festuca and Lolium species of 
grasses is the resistance by infected grasses to attack by insects (Table 1). It is 
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now known that Acremonium-infected grasses produce an array of chemicals 
that have a wide range of biological activity (5, 10, 14, 82, 97). 

The compounds responsible for insect (Argentine stem weevil, Listronotus 
bonariensis) resistance in A. lolii-infected perennial ryegrass have been 
identified as a peramine alkaloid (89) and the loliwem neurotoxins (84). 
Peramine (89, 90), or a peraminelike compound (85), is made in culture by A. 
lolii. 

The ergopeptide alkaloids (predominately ergovaline) isolated from A. 
coenophialum—infected tall fescue (67, 120) have not been reported active 
against insects. However, clavine ergot alkaloids (ergotamine and ergono- 
vine) do have insecticidal properties (D. L. Dahlman, personal communica- 
tion). The pyrrolizidine alkaloids (N-formy] and N-acetyl loline) produced in 
A. coenophialum-infected tall fescue (13, 15, 43, 50, 51) have also been 
reported responsible for insect resistance (45, 47). These alkaloids have not 
been recovered from either mycelium grown in culture or viable fungal mats 
isolated from enzyme-digested seed (L. P. Bush, personal communication). A 
steroid tetraenone metabolite (ergosta-4,6,8-(14), 22-tetraen-3-one), biologi- 
cally active in brine shrimp and chick embryo bioassays, has been isolated 
from infected tall fescue and cultures of A. coenophialum (9, 21). This 
compound has not been tested for activity against insects. 

Techniques now exist for producing synthetic grass--endophyte complexes. 
This synthesis involves the transfer of different species of fungi to host 
grasses and grasses not known to be hosts by inoculation of one-week-old 
seedlings (via wounding of the meristem) (56), by inoculation of callus tissue 
(46), and by plant breeding (maternal-line selection) (29, 30). These tech- 
niques should assist in further characterization of the grass—endophyte 
relationship and biological activity of synthesized chemicals. 

One may assume that if biologically active chemicals are of fungal origin, 
they could be produced in any naturally occurring as well as in synthetic 
grass—endophyte combinations. Conversely, if compounds are only produced 
in conjunction with certain grass—fungus interactions, then a greater degree of 
specificity of synthesis would be expected. Peramine is not only produced in 
A. lolii-infected perennial ryegrass, but in A. coenophialum and E. typhina 
naturally infected grasses as well (M. R. Siegel, unpublished data). In 
addition, peramine was found in two synthetic grass-endophyte com- 
binations: an A. lolii-infected tall fescue and A. coenophialum-infected 
perennial ryegrass. There appears to be a much greater specificity of synthesis 
of the loline alkaloids in infected grasses. Synthesis occurred only in A. 
coenophialum—infected tall fescue and in the synthetic A. coenophialum— 
infected perennial ryegrass. These alkaloids could not be recovered from tall 
fescue artificially infected with E. typhina, A. lolii, or Phialophora-like 
endophytes. Loline alkaloids have been reported in L. temulentum (19); 
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however, it is not known whether the plant material was infected with the 
Acremonium-like species that has been isolated from this grass (57). These 
data still do not explain whether the host, fungus, or both are responsible for 
synthesis of the loline alkaloids. It has yet to be determined whether the ergot 
alkaloids and lolitrems can be produced by other fungi in their natural hosts or 
by the fungi in nonhost grasses. 

The ability of endophyte-infected plants to produce biologically active 
compounds under field conditions may depend on the location and concentra- 
tion of the endophytes in the plant. Synthesis of these compounds may depend 
on factors that affect plant and fungal growth. These include internal and 
external nutritional conditions and the external environment (light, water, and 
temperature). The fungus-produced toxins peramine (90), ergot alkaloids (5, 
67, 81), and lolitrems (33, 34) (classified here as being of fungal origin 
because of their similarity to other mycotoxins) are found in relatively low 
concentrations (0.3-22 ug/g plant dry weight) in infected plants. On the other 
hand, the loline alkaloids, presumed to be of plant origin, are found in 
concentrations as high as 8,253 yg/g plant dry weight (50). 

The distribution and concentration of the chemicals within the plant vary 
with the compound, the location of the endophyte in the plant, and the season. 
There is little information on peramine, other than that concentrations of 1 
g/g plant fresh weight were recovered from A. Jolii-infected plants (89). 
Leaf sheaths and blades of A. Jolii-infected perennial ryegrass contained 
lolitrems at concentrations as high as 4.9 and 0.37 wg/g plant dry weight, 
respectively (33). The amount of A. /olii mycelium in infected plants has been 
positively correlated with resistance to Argentine stem weevil and with the 
time of year when ryegrass staggers occurs (11, 27, 82, 83). 

Total ergot alkaloid concentrations in leaf sheaths and blades of A. 
coenophialum—infected tall fescue plants were 22 and 3.5 yg/g plant dry 
weight, respectively (5, 67). Total ergot alkaloids increased 2.5-fold in 
infected tall fescue following application of nitrogen fertilizers (67). Further- 
more, added nitrogen was associated with increased growth of endophyte in 
the plant and increased symptoms of animal toxicoses (67). High levels of 
loline alkaloids have been found in the same parts of the plant where high 
densities of the fungus are known to exist (13, 43, 50, 51). In greenhouse 
studies, the fungus concentration in the plant did not increase during initial 
growth, but increased in first and second regrowth tissues (13). Loline 
alkaloid concentrations followed the same pattern, except after the second 
harvest, when concentrations in the blade (where there was little fungus) 
nearly equalled those in the stem. This finding suggests that these alkaloids, 
or the signal for their synthesis, are translocated to the leaf blades, and hence, 
regrowth tissue in the field may contain large amounts of alkaloids. In 
greenhouse experiments, loline alkaloids increased 2-3-fold in plants sub- 
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jected to moderate-to-severe water stress (51). However, in contrast to the 
ergot alkaloids, increased application of nitrogen did not increase levels of 
loline alkaloids (51). Concentrations of loline alkaloids were monitored in tall 
fescue during a three-year steer-grazing study (103). They generally rose to 
their highest concentrations in August, and then remained constant until late 
fall. However, concentrations varied greatly from year to year, suggesting an 
effect of environment on alkaloid concentration in the plant. 

There is little information on the effect of concentration of chemicals in 
infected plants and insect toxicity. Using the large Milkweed bug (Oncopeltus 
fasciatus) bioassay (47), D. L. Dahlman (personal communication) has found 
LDso concentrations of ca 8 pg/ml for N-formyl] loline, ergotamine, and 
ergonovine. Agar-plate bioassays of peramine with Argentine stem weevil 
indicated that feeding deterrence occurred at 10 pg/ml (89). No feeding 
deterrence occurred wiih lolitrems, but after 24-days feeding on 5 ug/ml, 
larval weights were reduced and 40% mortality occurred (84). 


TOLERANCE TO GRAZING HERBIVORES _ In the section on animal toxicoses, 
we discussed the relationship between endophyte-infected grasses and animal 
maladies. One of the direct effects on animals grazing endophyte-infected 
grasses is a reduction in average daily weight gains. Of equal importance is 
the observation that infected tall fescue is tolerant to overgrazing by livestock 
(J. A. Boling, personal communication). The lack of overgrazing of the 
infected cultivars may be due to better growth of the plants and differences in 
agronomic factors between the infected and noninfected cultivars. More 
likely, it is due to the fact that animals feeding on infected perennial ryegrass 
and tall fescue consume substantially less forage than those feeding on 
noninfected grass (26, 102). 


DISEASERESISTANCE The last of the benefits of endophyte-infected grasses 
is the potential for disease resistance. White & Cole (113, 114) and M. R. 
Siegel & G. C. M. Latch (unpublished data) have demonstrated that isolates 
of A. lolii, A. coenophialum, unidentified Acremonium sp., Phialophora-like 
sp., and E. typhina from various grass spp. produced antibiosis against a 
range of fungal plant pathogens and saprophytic fungi in culture. The amount 
of antifungal activity and the spectrum of activity were found to be dependent 
on the isolate. Resistance to diseases in pasture or turf Festuca and Lolium 
spp. has not been reported. 


Speculations on the Origins of Grass Endophytes 


The recent origins of A. coenophialum and A. lolii-infected pasture and turf 
grasses have been discussed elsewhere (10, 96, 97). It is clear that Europe is 
the origin of these infected cultivated grasses. However, the determination 
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that endophytes not only exist in native Festuca and Lolium species (112, 
114, 116), but in large numbers of species in the Poaceae (I11, 115, 117) as 
well, raises important questions conceming the recent origins of these en- 
dophytes and also the evolutionary relationships between grasses and en- 
dophytes. Because of the wide geographic distribution of cultivated and 
native grasses infected with endophytes, White (111) has suggested that the 
vegetative phases of these fungi are, or have evolved from, species of the 
ascomycetous genus Epichloe. Mycological and serological data (49, 73) and 
evolutionary concepts of biotrophy (63) give some support to this hypothesis. 

Lewis (63) considers the biotrophic habit of great antiquity and believes 
that the basic features of the evolution of parasitism and mutualism within 
biotrophy occurred at least 400 million years ago. The evolution from parasit- 
ism to mutualism therefore depends on the capacity of the partners to avoid or 
tolerate environmental stresses, as well as the obvious capacity for two-way 
cycling of nutrients and other prerequisites of biotrophy previously discussed. 
As was pointed out earlier, E. typhina appears to be in the process of 
evolution, as indicated by the various degrees of symbiosis that exist between 
different isolates and their hosts. The end result of this evolutionary process 
would then be fungi like the Acremonium spp., which act as mutualistic 
symbionts. 


USE OF ENDOPHYTE-INFECTED AND NONINFECTED 
GRASSES 


Once specific aspects of the nature of the host-fungus interaction were 
recognized, then the advantages of both infected and noninfected grasses were 
realized. The fact that the grass—endophyte relationship could be manipulated 
to remove or introduce fungi into different cultivars of grasses only served to 
accelerate their use. However, it is now apparent from a better understanding 
of the grass-fungus relationship that whereas some uses of endophyte-free 
cultivars are desirable, they may not be practical. Instead, further manipula- 
tions of infected grasses may be necessary to realize the full potential of 
improved productivity from animals grazing infested pastures. 


Use of Endophyte-Free Cultivars 


As soon as it was recognized that endophyte-infected grasses were responsible 
for animal toxicoses, it was suggested that removal of the fungi would lead to 
an alleviation of symptoms and improved animal productivity (9, 27). 
Eradication of A. lolii and A. coenophialum from perennial ryegrass and tall 
fescue cultivars, respectively, was accomplished by killing the fungi in plants 
or seed by storage, heat, or chemical treatments. 

Some of the endophyte-free tall fescue cultivars were clearly superior to 
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infected cultivars from the standpoint of improved animal production (93, 
102). However, the endophyte-free perennial ryegrass cultivars used in pas- 
tures in New Zealand were susceptible to insect predation and drought, and 
often did not survive (11, 82). Whether the same phenomenon will occur with 
the newly released endophyte-free tall fescue cultivars is unknown and is a 
topic of considerable speculation. 

What is unclear is whether the superior character of tall fescue is due to the 
endophyte-grass complex or, in part, to the normal genetic complement of the 
plant. Consequently, it may be necessary to sow large areas of endophyte-free 
pastures before an appropriate evaluation of survival can be made. 


Use of Endophyte-Infected Grasses 


The confirmation of insect resistance, enhanced growth, and persistence of 
endophyte-infected grasses has led grass breeders to develop, by maternal line 
selection, naturally infected cultivars for turf (29-31). Seed of infected 
grasses used in turf will require special storage facilities and labeling to 
guarantee the viability of the endophytes. 

Another approach to the use of endophyte-infected grasses would be to 
introduce specific fungal isolates, via wounding of seedlings, into host or 
nonhost grasses (synthetic grass—endophyte combinations). Assuming that the 
compounds toxic to animals are different from those that affect insects, it 
should be possible to develop synthetic combinations of host and endophyte 
suitable for turf and pasture. Insect deterrent compounds would be present in 
both turf and pasture cultivars. Turf grasses could still contain compounds 
toxic to animals, but pasture grasses would have little or none (10, 83, 89). 
Endophytes in these synthetic combinations could be naturally occurring 
biotypes, if suitable ones were available, or they could be genetically mod- 
ified. All endophytes must, of course, be seed transmitted. 

We have made a number of positive, but unproven, assumptions to support 
the use of modified endophyte-infected pasture grasses. We already know that 
the grass-endophyte system in some cases may contain more than one chemi- 
cal responsible for insect resistance. This fact raises the question of what 
happens to insect resistance when one of several toxic compounds is not 
present in the modified synthetic combinations. It is obvious that it will be 
necessary to identify all the biologically active compounds and their spectrum 
of activity in plants, insects, and animals before new synthetic grass— 
endophyte cultivars are released for pasture use. 


CONCLUDING REMARKS 


Through interdisciplinary research, plant pathologists, chemists, agrono- 
mists, entomologists, and animal scientists have come to better understand a 
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unique grass—fungal endophyte relationship. It is now clear that in certain 
grass~fungus complexes, mutualistic relationships result in benefits to both 
partners. Understanding this relationship has resulted in the development and 
release of both infected and noninfected cultivars for use in pasture and turf. 

In order to ensure the proper use of these newly developed cultivars, 
interdisciplinary research must continue into the nature of the grass— 
endophyte relationship. Questions of interest and importance that need to be 
answered include the mechanisms of synthesis and the spectrum of activity of 
biologically active compounds; the interaction of external and internal stimuli 
on synthesis of these chemicals and on growth of the endophytes and plants; 
biochemical mechanisms of pest resistance and animal toxicoses,; and the 
nature of biotrophy and how it relates to the ecological fitness and survival of 
the endophytes and grass hosts. 

The widespread distribution of fungal endophytes in grasses and the poten- 
tially mutualistic nature of the relationships may suggest an importance that 
approaches other plant—microorganism complexes such as those that involve 
the mycorrhizal fungi and nitrogen-fixing bacteria. The improvement of 
grasses used for pasture, turf, and conservation are long-term goals of plant 
breeders; a fuller understanding of grass-endophyte relationships will aid in 
fulfilling these goals. 
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